Intensity-modulated radiation therapy (IMRT)
Introduction
Intensity-modulated radiation therapy (IMRT) improves the conformality of dose to the planning target volume. Many treatment-planning systems, both in-house developed and commercially available, provide for techniques to create a series of intensity-modulated beams (IMBs) corresponding to highly conformal dose distributions. At least seven classes of techniques to deliver IMBs have been extensively developed (see reviews by Webb 2000a)
Method

'Jaws-only' decomposition
We shall describe the use of the independent collimators on a linear accelerator to deliver IMRT as JO decomposition. This formalism was developed and computer-coded first since 'jaws-plus-mask' delivery is an extension of this and the JO decomposition was used to benchmark the improvements consequent on the extension using the mask. The JO technique is quite straightforward to describe. Starting with the required 2D IMB I, which we regard as a square matrix of size N × N, a jaws-only-defined component is selected. Let us call this J i (x L , x R , y L , y R ) , where x L , x R , y L , y R signify the left and right locations of the x and y jaws for this ith component and i labels the component. Clearly the elements of the IMB 'framed' by the jaws must all be non-zero. Let the smallest intensity so framed have MU i monitor units. This rectangular (or square) uniform-fluence component is then stripped off the IMB I to leave a residual IMB. The process then cycles repeatedly (choosing components of different size, position and fluence) until the residual is empty. Then the decomposition into M components of the 2D IMB I is expressed conceptually by
where the subscript MU i has been added to specifically label the stripped fluence value of each ith component. Any particular element I (x, y) of the 2D IMB is given by
where δ [J i (x L , x R , y L , y R ) ] is 1 if (x, y) lies within J i and otherwise 0. Transmission leakage is, for now, ignored. As commented by Dai and Hu (1999) there are a very large number of possible ways to strip a 2D IMB into components; they used two heuristic approaches. In the present work six alternative methods were tried. They are as follows: at each cycle of decomposition (i) strip the component with the largest area; (ii) strip the component with the largest area and, if more than one candidate has the same largest area, then that containing the largest peak fluence value; (iii) strip the component with the largest area which also contains the largest peak fluence value and, if more than one candidate has these properties, then that with the largest minimum fluence value; (iv) strip the component with the largest area and, if more than one candidate has the same largest area, then that with the largest sum of fluence values; (v) locate the strip on the largest fluence value and strip off the component with the largest possible area; (vi) locate the strip on the largest fluence value and strip off the component with the largest possible area and, if more than one candidate has these properties, then that with the largest minimum fluence value.
We shall see that all these approaches actually lead to very similar performance. 
'Jaws-plus-mask' decomposition
The main problem with the use of the JO technique to strip off field components is that, as the stripping progresses, islands of isolated fluence bixels are created and these have to be 'picked off' individually towards the later stages of the decomposition. The new technique is designed to minimize the impact this has on degrading MU efficiency and this is as follows. An additional binary secondary collimator (a 'mask') T is conceptualized. This would be placed below the jaws (figure 1). It comprises a matrix of bixel spaces which are either open (100% transmission) or closed (0% transmission) (i.e. made of lead or tungsten). Its size is larger than that of the matrix I, i.e. N × N where both N > N and N > N. Let the transmission of the ( p, q)th bixel of this collimator be represented by T (x p , y q ), where p = 1, 2, 3, . . . , N and q = 1, 2, 3, . . . , N . Imagine that a 'parked position' of this secondary collimator is such that it resides in the lower left part of the 2D IMB I when viewed from the source of radiation (i.e. the element T (x 1 , y 1 ) corresponds with I (x 1 , y 1 )). The secondary collimator can translate by the range zero locations up to (N − N) locations, in steps of integer bixel length, along the x-axis in the negative x-direction, and by the range zero locations up to (N − N) locations, in steps of integer bixel length, along the y-axis in the negative y-direction for delivery of any specified component. Let us call these translations x and y . The jaws may also, for this component delivery, collimate a rectangular area just as they did in the JO mode. A component is thus specified by the combination of the four jaw locations (i.e. J i (x L , x R , y L , y R )) and the two shifts x and y of the secondary collimator. An additional option is the single JO option (with mask absent) thus creating
possible combinations of optimum jaw locations and location for the secondary collimator.
Before giving the formalism, and to clearly visualize the technique, imagine that the secondary collimator is a chess-board pattern of alternately open and closed bixel locations. Then just the one single translation x by one bixel length in the negative x-direction generates the reverse-phase transmission pattern and this, plus the unshifted pattern, is all that is needed in the technique which uses this secondary collimator (since any other translation in x Figure 2 . A schematic diagram of (a representative example of ) the second masktype for an IMB I of size N = 10. The mask has a size 19 × 19. Different realizations would result from the use of different random number sequences but the practical use would be the same with statistically the same outcome. Black squares represent attenuated bixels and white squares represent open bixels. The whole mask would need supporting on an almost radiation-transparent substrate, in particular to support the isolated attenuating elements. and/or y just replicates the unshifted and shifted patterns unnecessarily). For this reason this particular secondary collimator need only be (N + 1) × (N ) in size, leading to N c = 3 possible combinations of optimum jaw locations and location for the secondary collimator, including the single JO option. The effect of this secondary collimator is to open up the opportunity to group otherwise isolated islands of fluence, particularly later in the decomposition, so that they can all be delivered together. This increases the MU-efficiency and decreases the number of components, as we shall see. This would require an x-motor only to drive the mask and no more.
A second form of the secondary collimator studied was a (2N − 1) × (2N − 1) matrix in which the bixels are randomly determined shut or open, allowing N c = (N 2 + 1) possible combinations of optimum jaw locations and location for the secondary collimator including the single JO option. A pattern for N = 10 is shown in figure 2. In this case N 2 translations (N x values (0 up to (N − 1)) and N y values (0 up to (N − 1))) of the secondary collimator were considered. This would require an x-motor and a y-motor to drive the mask, but no more.
The algorithm for determining the components via the J + M technique is now the logical extension of that above for JO selection. Method (i) (i.e. selection of the component with maximum area at each cycle) was employed. At each cycle of the decomposition the locations of the jaws and the secondary collimator (mask) were determined such that the largest number of non-zero fluence values were framed. With the use of the secondary collimator these do not need to be continuously connected. Indeed, the design is specifically to allow the simultaneous grouping of bixels possibly with intervening zeroes (figure 3). The smallest fluence value MU i in the set so defined was stripped off on each ith cycle. Once again the algorithm terminates once the residual fluence matrix is empty.
x-Jaw aperture y-Jaw aperture Secondary collimator (mask) Then the decomposition into M components of the 2D IMB I by the J + M technique is expressed conceptually by
where J i is as before (JO technique) and T ( x , y ) signifies that the mask is shifted by x in the negative x-direction and by y in the negative y-direction. Any particular element I (x, y) of the 2D IMB is given by 
Testing for statistical improvement in MU-efficiency
It has become common practise to test IMRT delivery algorithms on a large set of IMBs comprising randomly generated bixel fluences (Que 1999 ) since these represent the worst-case scenario that a decomposition scheme would face. This was also the approach taken here. Three different matrix sizes were addressed: 4 × 4, 10 × 10 and 15 × 15. The peak fluence value I p in the sets was varied from 3 to 10. This could be thought of instead as meaning from 3 to 10 quantized fluence levels in the IMB (in which case MU i is multiplied by the number of quantization monitor units). The JO decompositions were performed for each of the six methods (i)-(vi) described for component selection and for 2 000 000 patterns when N = 4 for each I p , and 50 000 patterns when N = 10 for each I p . 10 000 patterns were used when N = 15 for each I p but only for method (i). This was because after seeing the results for N = 4 and N = 10 it became clear that all six component-selection algorithms gave similar results. The number of patterns studied was also reduced with increasing N to keep the computer times manageable.
The above study was repeated with just 100 patterns in each case, using the first component-selection technique, and the statistical results were seen to be almost identical. Hence it was decided to limit the study of the J + M technique to just 100 patterns for each set of conditions and also to just the first component-selection technique. This was necessary because the use of the second type of secondary collimator when N = 15 required the consideration of 226 mask locations with each option on jaw locations at each cycle of stripping; otherwise computational time would have been prohibitive. For the larger decompositions (large N, large I p and second masktype), the decompositions took several days on a COMPAQ Alphastation 250/4 266. Of course it is important to appreciate that the decomposition of any single pattern, were the technique to be used clinically, would be correspondingly much faster by a factor of 100. It is the use of a number of patterns to establish statistical advantage that leads to the large investigational computer times.
For each N and for each I p the decompositions were worked out using either the first or the second type of mask. The results were compared with the JO technique. Tables of the following parameters were compiled:
• mean number of components;
• mean number of total monitor units;
• mean of the average component fieldsize for each decomposition;
• mean MU-efficiency.
The computer code (which became quite complex) was structured to operate in a 'stripand-show' mode as well as a 'hide-all-the-stages' mode. The former allowed a thorough debugging of the algorithm as well as providing a step-by-step insight into how the residual patterns were developing. This mode is very important when authors code such large statistical runs in which, otherwise, it is next to impossible to ensure that the code is working properly. As a final quality assurance of the decomposition, a post-decomposition sum was made of all the components and this was checked to be equal to the starting matrix.
As well as benchmarking to the JO decomposition, another useful benchmark is the number of MUs which the (so-called) Bortfeld-Boyer MSF method would use . For statistically random matrices with peak fluence value I p and size N × N, the mean value is (Webb 2000b )
This assumed that the MSF decomposition ignored avoiding tongue-and-groove underdose (i.e. that one can simply quote the MUs required for the row containing the peak value). Table 1 shows the results of the JO decompositions for N = 4, N = 10 and N = 15 for I p = 3, 4, . . . , 10 for the first method of selecting components. The corresponding tables for the other five methods are not shown because statistically the results were very similar. It does appear that the heuristic technique suggested by Dai and Hu (1999) is one of a set of similarly performing algorithms and little is to be gained by a detailed adjustment of the component-selection method for the algorithms studied and the current application. We may clearly note that for a particular matrix size N, the mean number of components, the mean total MUs, the mean of the average field component size and the mean MU-efficiency all increase with increasing I p exactly as one would suspect and in line with similar observations by Dai and Hu (1999) . For a particular N, the mean number of total monitor units roughly scales with I p but the mean number of components increases monotonically but slower than a direct proportion. For any particular I p value the first three of these parameters increase whereas the last one decreases with increasing N. For any particular I p value the mean number of components and the mean total MUs roughly scale in proportion to N 2 as one would expect. These provide the baseline measurements against which the J + M technique was compared. Interestingly, when e.g. I p = 10, the efficiency of the MSF technique (see caption to table 1 for Bortfeld-Boyer data) compared with the JO technique is about 3 times greater when N = 4, about 7.5 times greater when N = 10 and about 12 times greater when N = 15. Tables 2-4 show the corresponding data for the three N sizes and for I p = 3, 4, . . . , 10 for just 100 patterns decomposed by either (a) JO, (b) J + M (masktype 1) or (c) J + M (masktype 2) technique, using the first method (maximum area) of selecting components. From all the tables we may note that, for each I p value, with the J + M technique, compared with the JO technique, the mean number of field components falls, the mean total monitor units falls, the mean of the average field component size increases and the mean MU-efficiency rises. The use of the second type of mask gives better results (bigger gains) than the use of the first. The gains using the masks are greater for the larger size (larger N ) matrices. Inspecting some specific examples, when I p = 10, the efficiency gain over the JO technique through the use of the first type of mask is a factor of 1.26 (N = 4), 1.38 (N = 10) and 1.42 (N = 15). The efficiency gain over the JO technique for I p = 10 through the use of the second type of mask is a factor of 1.45 (N = 4), 2.33 (N = 10) and 2.71 (N = 15). The reason the second mask outperforms the first is that it presents more options for placement and therefore for grouping isolated islands. Also the random pattern of attenuation is better matched to the random pattern of the 2D IMB itself. The J + M (masktype 2) technique was applied to a typical 15 × 15 patch from a CORVUS-derived field (scaled 0 to 7 MUs) and the MU-efficiency increased by a factor of 2.12 compared with the JO technique. This value is less than the 2.66 (228.55/85.76) ratio from table 4 because the CORVUS field is not (of course) entirely random.
Results
Variants on the J + M technique
The mask shown in figures 2 and 3 is clearly just one example of a near infinity (2 19 2 = 2 361 ) of possible masks depending on the random number seed. The decomposition for N = 10 and for N = 15 with the second type of mask was repeated with a different seed and therefore a different random mask. The results (not shown) were statistically identical as one would expect. Provided the mask offers a large number of translational positions, patterns can be found matching the residual fluences at each cycle and the overall outcome is almost independent of the mask pattern. Table 1 . For JO decomposition and using the first technique (largest area component at each strip) to select components-mean number of components, mean number of total monitor units, mean of the average field component size for each decomposition and the mean MU-efficiency for I p = 3, 4, . . . , 10 and for (a) N = 4, (b) N = 10 and (c) N = 15. For the Bortfeld-Boyer technique, the mean number of MUs required when I p = 10 is (equation (5) We may observe that decreasing the number of options for mask placement increases the mean number of components, increases the mean number of total monitor units, decreases the mean of the average field component size and decreases the efficiency. However, it is very interesting to note that continuing to increase the number of options for mask placement leads to diminishing returns. For example, for N = 10 just using nine options increases the efficiency to 1.43 of the JO value with no masks whereas with 100 options the efficiency increases to 2.33 of the JO value. Quadrupling the options to 400 increases the efficiency to 2.76 of the JO value. For N = 15 just using nine options increases the efficiency to 1.45 of the JO value with no masks whereas with 225 options the efficiency increases to 2.71 of the JO value. Increasing the options to 2025 increases the efficiency to 3.36 of the JO value. It might thus be observed that quite a modest technology change (e.g. say just 16 options for mask placement) achieves a great deal and would have the advantage of increased practicability (because the mask could be smaller). table 6 . These show that the use of a spatial mean attenuation of 0.5 was actually the best. The reason is that use of an opening fraction higher than 0.5 allows more fluence to be stripped at each cycle but almost certainly restricts the possibilities for coupling isolated bixels (the fundamental reason for the mask) and vice versa. The same trend was noted for the other values of I p (data not shown). Hence the 'in the middle' value of 0.5 is the best compromise. table 7 where it can be seen that, of these results, the best choice would be a mask about 60% of the linear size of the IMB to be delivered (i.e. N = 6). This was interpreted as being the best compromise between allowing enough optional shifts and, at the same time, allowing a large enough group of isolated bixels to be coupled. translate. This quadruples the potential options for grouping isolated bixels and must improve efficiency. This was demonstrated as follows. For N = 10 and for the N = 6 (masktype 2) mask with 0.5 spatial mean attenuation, described in section 3.1.4, and for I p = 3, 4, 5, . . . , 10, the same statistics were collected. Instead of the 26 options for placement, there are now 101 options. All parameters improved. Those for I p = 10 are shown in table 7(b) and the same behaviour for the other I p values was observed (not shown).
Use of masks with mark-to-space-ratio
Use of masks with
A further natural extension of this concept is to create a carousel-type mask arrangement in which two such masks can be accessed. A possible schematic diagram is shown in figure 4 with N = 6 (masktype 2). This increases the number of placement options to 201. Results for I p = 10 are shown in table 7(c). Clearly the idea can be extended.
Discussion and conclusions
A new technique has been proposed to deliver IMRT via the use of jaws plus a secondary collimator (mask). The secondary collimator can translate in two orthogonal directions like the jaws. A component of an MSF technique is specified by the locations of the jaws (four values) and the translation shifts of the mask (two values) together with the monitor units per component. A decomposition (stripping) technique has been developed for this J + M technique.
Computer . A schematic diagram of an arrangement described in section 3.1.5 showing two 6 × 6 masks capable of rotation to four angular locations and subject to translations to combine with jaw locations as shown. The rotation could be driven by a belt from a motor controlled cog. The two translation motors shown both control which mask is used and its translation positions.
'white squares' then a JO technique with the first mask would require (N 2 )/2 MUs. The Bortfeld-Boyer MSF technique would require N/2 MUs. However, a single use of the first type of mask in a J + M technique would require just 1 MU. However, clearly this is an unlikely extreme scenario. It, nevertheless, illustrates very graphically why the J + M method is always more MU-efficient than the JO technique.
A clear trade-off has been demonstrated between the size of the mask (and the corresponding number of the potential translations) and the mean number of components and mean number of total monitor units. The larger the mask becomes and the more translational shifts that are allowed, the lower become these two parameters. Lowering these parameters leads to less leakage as well as potentially efficient treatment times. Conversely, it might be argued that a smaller mask with fewer potential translations would be easier to engineer, would require less quality-assurance tests and yet still achieve some gain over the JO technique. The J + M technique is free from tongue-and-groove underdose effects. It does, however, rely on the superposition principle for individual potentially small-area fluence components, as of course does the JO technique. This could become a practical problem since studies with the NOMOS MIMiC have shown that superposition does not always hold for adjacent elements (Balog et al 1997) .
Some logical extensions of this concept have also been investigated. It was shown how use of a mask, smaller than the area of the IMB, could still accrue efficiency advantages and be easier to manufacture. An optimum size was determined as roughly half that of the IMB. The idea to rotate this was also introduced and the increase in MU-efficiency studied. The idea to use two such masks was also modelled. The use of (masktype 2) masks with different (from 0.5) spatial mean attenuation was shown to be less MU-efficient.
Suggestions for future work (Evans 2001 and Bedford 2001) include (i) considering a mask with open and partially transmitting elements and (ii) considering whether there is some semi-random mask that would minimize the number of translations.
Additionally it must be noted that all this work achieves a completely faithful summation of components to the starting IMB. Another future study is considering what would be the effect of relaxing this to allow some small percentage of the total fluence to not be delivered. Clearly this would decrease the number of components and the total MUs required and it would be expected that the efficiency gain might outstrip the loss of resulting conformality when the approximated IMBs were delivered.
The study has been limited to investigating the improvement in MU-efficiency and decreasing the number of field components. An additional consideration is the time taken to change components. This is a large optimization problem, not yet studied in detail, but discussed in appendix A. A comment on some practicalities is given in appendix B.
represents the time it takes to change from the ith to the i th component. The optimization problem is then to minimize all components T i,i . Note that if there is just one mask then the 8th term vanishes in equation (A1) and if there is one mask with no rotation then both the 7th and the 8th terms vanish. If considering the JO technique, then all except the first four terms and the last term vanish. The first eight terms in equation (A1) depend on the motor speeds and the maximum speed of translations and rotations. The 9th time is accelerator dependent and uncontrollable by the end user.
The above description has decoupled the problem of component selection from the problem of component sequencing. The latter could be modelled and would yield a mean deadtime for each of the approaches taken in this paper. So far this has not been done, partly because this would greatly extend the scope of this preliminary work and partly because such a second sequence optimization would ideally have to be inside the loop over cases investigated and the computer times even without this are large.
A further observation which further complicates the issue is that ideally the components should be chosen one-by-one, subject not only to criteria such as those described in the paper, but also to some criterion such as minimizing the deadtime at each component selection. That is, the second problem interacts with and influences the outcome of the first.
Some preliminary work on this independent sequencing problem has been done. A code was written to resequence the components to minimize T i,i in equation (A1) setting the motor speeds for translation and rotation to realistic values. The intersegment deadtime t dead was set to 0.1 s so as to become irrelevant. This was because for some accelerators this is still large and would otherwise dominate the identification of T i,i . (Manufacturers are working to reduce t dead by, for example, the use of a fast tuning magnetron (Budgell et al (2001) .) As stated above, the exact times yielded for the 'radiation-off' changes depend on the size of the field and on the choice of physical speeds. However, to establish an estimated time, it was found that the average (over all sequenced components) change was 3 s. Hence we may calculate that the use of a J + M technique requiring, say, 50 components (see e.g. table 3) would have a total radiation deadtime of about 2.5 min per field. The radiation-on time would add typically about 1.5 min. If five such modulated fields were used, the total treatment time would be about 20 min.
Conversely a multiple-static MSF delivery would only require about 1/3 the number of MUs and 2/5 the number of components from one-dimensional arguments based on equation (5). However, and this is fundamentally important, when an interpreter properly rejects interdigitation and uses both jaws and leaves to create the modulation, the number of components and MUs rises significantly above these baseline values essentially because components need to be split to overcome the machine constraints. In this centre it is found that delivery of IMRT using the step-and-shoot technique, for CORVUS-generated fields, with an MLC can often take upwards of 20 min. Hence the reduction in the number of components for the J + M technique compared with the JO technique is as, if not more, important as the reduction of needed MUs.
It is recognized that this part of the discussion is far less analytically strict than the rest of the paper. However, it gives the notion that J + M delivery is feasible in practical times. It should also be re-emphasized that Dai and Hu (1999) thought JO modulation was 'almost practical' and this statement, taken with the observed decreases in number of components using the J + M technique, leads the author to the view that the J + M technique is practical in realistic times. It is also re-emphasized that the J + M technique is not being put forward as the desirable replacement of MLC techniques, simply that it might allow IMRT in centres without an MLC (e.g. possibly those with a cobalt machine in an less well resourced country?).
Appendix B. A comment on some practicalities
In order to keep the presentation simple, the mask has been described as making linear translations along negative x and negative y-axes. In practise the mask would need to be focused back to the source and be a section of a spherical annulus. The movements would be pivotal about the source location. They would also need to be very precise.
A possible design might be realized as follows. The mask would comprise a small section of the spherical annulus between the surfaces of two spheres whose radii differ by the required attenuation distance (e.g. 8 cm of tungsten). The bixels comprising the mask would be arranged so that their faces remote from the source lie in a grid pattern in which each bixel is focused back to the source. The part of the spherical annulus chosen is that corresponding to a small range of φ angles centred on φ = 0
• and a small range of θ angles centred on θ = 90
• . The line defined by φ = 0 • and θ = 90
• points from the source to the centre of the modulated (x, y) array. (Think of φ changes as corresponding to changes in x and θ changes as corresponding to changes in y.) Two orthogonal motions pivotal about the source (origin of spherical coordinates) would then be engineered in the φ and θ -directions. This could be done by supporting a mechanism for the θ movement inside a cradle capable of executing the φ movement. The rotational movement could be executed by a linear pull in the x-direction with a system of levers which turn the motion into a pull in the φ-direction (and correspondingly for y and θ ) in the same way as linac jaws can be made to move on the arc of a circle. Thus, by executing a discrete φ rotational angular increment and a discrete θ rotational increment, the attenuating and open grid bixels permute to the required locations as described in the method by x and y changes. As the two orthogonal motions are executed, the mask of course moves bodily as a whole and all bixels remain focused to the source.
It is worth a further comment that the above design is only possible because the area of the spherical annular segment occupied by the mask is a small fraction of the whole spherical annulus. From coordinate geometry the area of the bixel subtended at (φ, θ ) and increment dφ dθ is dA = r 2 sin(θ ) dθ dφ and so strictly varies with θ for fixed discrete angular increments dθ dφ. However, for the bixels in a realistically sized (masktype 2) 19 × 19 mask needed for 10 × 10 bixels, the smallest θ is about 85
• and sin(85 • ) = 0.996. So for all practical purposes the bixels are of the same size and correctly permute into each others spaces by these coupled discrete finite angular rotations.
The apparatus would occupy a position similar to that occupied by blocks in 'conventional' treatment. It would be important that it did not restrict the clearance from the patient. However, it would do so no more than do conventional blocks. Also there are some other examples of apparatus built to occupy similar positions e.g. the sliding attenuating bar for one-dimensional IMRT of Fiorino et al (1995) and the slit collimator for high-resolution field shaping of Williams and Cooper (2000) .
Certainly the commissioning of such a device would require ensuring that the mask was in the correct location for delivery of each component. However, the mask only has two motions just as do jaws and so the quality assurance is of no greater complexity than quality-assuring jaw positions. It is suggested that the task would be considerably simpler than quality-assuring the location of a large number of MLC leafpairs.
This proposed experimental arrangement is presented for the main concept of the paper in which a single mask executes only two orthogonal translations. The logical extensions suggested would be a little more complicated. For example the (most complicated) presented arrangement shown in figure 4 would require this equipment to reside within the linked cradles discussed above. The two motors shown would be replaced by the linked cradle arrangement and there would be a third translating motor to permute the two masks.
